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High Energy Density (Plasma) Physics: A Fascinating Interplay
Between Applications and the Need to Understand Basic
Physical Processes
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Between Applications and the Need to Understand BasicBetween Applications and the Need to Understand Basic
Physical ProcessesPhysical Processes

• In this talk I will present three experimental vignettes illuminating the measurement,
computation, and understanding of basic phenomena

Application or Experiment

1a) Inertial Fusion: convergent shock hot
spot; fast ignition via short pulse laser
1b) K  Source Generation as a diagnostic
for short pulse generated fast electrons
or x-ray source

2) Short pulse laser/matter interaction,
pulsed power exploding wire dynamics

3) Laser-plasma X-Ray Conversion,
Dynamics of non-Planckian radiation –
matter interaction, astrophysics (type 1a
output)

Physics and Computational Topic

Equation of State, dE/dx, and
atomic excitation for nuclei and
fast electrons

 and  for reflectivity and
local heating – interplay with the
equation of state and
‘continuum lowering.’

Local Thermal Equilibrium (LTE)
and non-Local Thermal Equilibrium
Radiation Transport (NLTE)
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‘Hot Spot’ Haan Ignition Target Design Relies on EOS
and Alpha Particle Stopping in Compressed, Shocked
Capsule

‘‘Hot SpotHot Spot’’  HaanHaan Ignition Target Design Relies on EOS Ignition Target Design Relies on EOS
and Alpha Particle Stopping in Compressed, Shockedand Alpha Particle Stopping in Compressed, Shocked
CapsuleCapsule

Density
(g/cm3)

100

1000

Hot-spot
0.3 
gm/cm2

Main
Fuel
1.5 
gm/cm2

Ablator
0.1 
gm/cm2

1D picture 2D or 3D picture

Hot-spot perimeter
Stagnation shock
DT/Be interface

etc.

etc.

For ignition, need
hot-spot with Tion ~ 10
keV, RHS ~ 0.3 g/cm2
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Alpha Particle Ranges are Strongly Temperature
Dependent and Importantly Depend on Both Ions
and Electrons

Alpha Particle Ranges are Strongly TemperatureAlpha Particle Ranges are Strongly Temperature
Dependent and Importantly Depend on Both IonsDependent and Importantly Depend on Both Ions
and Electronsand Electrons

J. Lindl, Inertial Confinement Fusion, Springer,
1998.
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1st Term is due to electrons, 2nd is due to
ions.  Temperature Dependence Due to
Frame effect. (Fraley et. al. Physics of Fluids
1974.  is solid DT density (.25 gr/cc).
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dE/dx in a Plasma via Dimensional Regularization
(L. Brown, PRD 2000)
dEdE//dxdx in a Plasma via Dimensional Regularization in a Plasma via Dimensional Regularization
(L. Brown, PRD 2000)(L. Brown, PRD 2000)

• dE/dx depends both on long
distance, collective joule heating
effects and hard short distance
Coulomb Scattering Effects.
These are separately divergent in
3 dimensions.

• Brown’s idea is to sum the
analytic continuations of the >3
scattering and the <3 joule
heating to get a finite result
including subleading terms.

• Example shown has vp>>vthermal.
One can compute for arbitrary Te
using general form for 
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Atomic Physics Considerations for K  EmissionAtomic Physics Considerations for KAtomic Physics Considerations for K  Emission Emission

Cl-CH 50 mJ 1017 W/cm2 (Nichimura ‘02)

Ag 192 J Vulcan 2x1017 W/cm2 (H-S Park ‘03)

K  emission depends on
e- transport and atomic
processes over
a wide temperature
range

Ag K  22 keV

Ag K  24.9 keV
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Atomic Physics Enters Short Pulse Experiments
both as Microscopic Quantities and in Integrative
Modeling

Atomic Physics Enters Short Pulse ExperimentsAtomic Physics Enters Short Pulse Experiments
both as Microscopic Quantities and in Integrativeboth as Microscopic Quantities and in Integrative
ModelingModeling

• K  experiments serve both a fast electron velocity distribution and
dE/dx diagnostic and for the development of petawatt driven hard x-
ray backlighters.  Interpretation of experiments requires attention to
atomic physics issues.

• Detailed relativistic energy shifts and electron impact cross
sections are required to get an accurate picture of the
emission spectra and fluorescent yield.

• The problem of the relaxation of a non-Maxwellian electron
distribution in the presence of NLTE atomic physics is
analogous to that of NLTE radiation transfer.

• Radiation trapping?
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K  Energy Shifts are Calculated from the MCDF ‘No-
Pair’ Relativistic Hamiltonian (M. Chen)
KK  Energy Shifts are Calculated from the MCDF  Energy Shifts are Calculated from the MCDF ‘‘No-No-
PairPair’’ Relativistic Hamiltonian (M. Chen) Relativistic Hamiltonian (M. Chen)

• Positive-energy projection operators ++

• Eigenenergy  and eigenvector {ci} are obtained
by diagonalizing the Hamiltonian matrix Hij

• Accuracy 1.5 eV out of a few keV -  sufficient for
shifted K  emission of M-shell Cu ions (4eV).

Atomic eigenstate function

Variational MCDF equation
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X-Ray fluorescence Yields Depend on Ionization and
Must Correctly Include Selection Rules (M. Chen)
X-Ray fluorescence Yields Depend on Ionization andX-Ray fluorescence Yields Depend on Ionization and
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Fe ions with KLm configurations

W = A(X)/[A(X)+A(A)]

W = <W(i)>

Average K-shell fluorescence yield for Fe ions

K-shell yield ω(K)=0.46
E(Kα1)=8047.4 eV)
E(Kα2)=8027.3 eV
Natural line width
G(Kα1)=2.1 eV
G(Kα2)=2.5 eV
Lifetimes
--K- hole =4.3x10-16 s
--L3- hole =1.2x10-15 s

Competing processes:
Radiative decay
Auger decay
Collisional processes - 3B, DX smaller

} comparable
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Synthetic K Shell Spectra Including Ionization
Effects (Shifts and Branching Ratios) (M. Chen)
Synthetic K Shell Spectra Including IonizationSynthetic K Shell Spectra Including Ionization
Effects (Shifts and Branching Ratios) (M. Chen)Effects (Shifts and Branching Ratios) (M. Chen)

Calculations assume thermal ion distribution  and use 8 eV instrumental width

Measuring L-shell shifts (~40 eV per charge state) should be feasible

2p spin-orbit splitting dominates in M-shell Multiplet splitting dominates in L-shell
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Relativistic Electron IonizationCross Sections Scale
Asymptotically like the Møller Cross Section (1)
Relativistic Electron Relativistic Electron IonizationCrossIonizationCross Sections Scale Sections Scale
Asymptotically like the Asymptotically like the MMøøllerller Cross Section (1) Cross Section (1)

• Non-relativistic approximations include
Thomson weak coupling and Lotz fit.

• via angular analysis vs energy of
Rutherford, cross section at energy

 to transfer energy  is:
d =( e )(d )
• The cross section for transfer
exceeding ionization energy E is:

=( e )(1/E - 1/

• Relativistic cross sections (J. Scofield,
Phys. Rev. A 18, 963, 1978)

• Born Diagram (neglect exchange -
should be good for disparate
electron energies)
• relativistic plane waves for
incident and scattered high energy
electron, distorted waves &
relativistic Hartree-Slater for ejected
electron

L-shell ionization

Relativistic cross-section

Lotz: log(E)/E

Lotz+log(E)
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Relativistic Electron IonizationCross Sections Scale
Asymptotically like the Møller Cross Section (2)
Relativistic Electron Relativistic Electron IonizationCrossIonizationCross Sections Scale Sections Scale
Asymptotically like the Asymptotically like the MMøøllerller Cross Section (2) Cross Section (2)

••  MMøøller ller (electron-electron) Scattering including exchange ((electron-electron) Scattering including exchange (AhkiezerAhkiezer & &
BerestetskiiBerestetskii, , Quantum ElectrodynamicsQuantum Electrodynamics):):
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• Note log behavior as well as small  behavior (recovering
Rutherford for for energy loss (x= 1/m)
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The ‘Ziman Formula’ for Resistivity is the Workhorse
for Liquid Metals and Warm Dense Plasmas – However
it is an effective ‘Boltzmann closure’

The The ‘‘ZimanZiman Formula Formula’’ for  for ResistivityResistivity is the Workhorse is the Workhorse
for Liquid Metals and Warm Dense Plasmas for Liquid Metals and Warm Dense Plasmas –– However However
it is an effective it is an effective ‘‘BoltzmannBoltzmann closure closure’’

via G. Bertsch, C. Guet, and W.
Johnson, finite temperature
DFT calculation.

• Ziman formula utility: typical structure
factors S(q) for dense disordered
‘metallic’ media are peaked at the peak
of the screened pseudopotential vs(q)
 seen by conduction electrons
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One Electron Treatment of the Many Impurity System without
‘closures’ enforcing ‘average’ relaxation times (after Doniach
& Sondheimer, Smith & Rammer)

One Electron Treatment of the Many Impurity System withoutOne Electron Treatment of the Many Impurity System without
‘‘closuresclosures’’ enforcing  enforcing ‘‘averageaverage’’ relaxation times (after  relaxation times (after DoniachDoniach
& & SondheimerSondheimer, Smith & Rammer), Smith & Rammer)

• Kubo Formula for Linear Response Treatment of Conductivity (exact):

• Calculations can have spurious divergences as goes to zero unless one is careful
(note f sum rule).  Molecular dynamics computations for wavefunctions in disordered
‘warm dense matter’ have shown interesting behaviors (Desjarlais).

• The Langer-Neal diagrams (Phys. Rev. Lett., 1966) are the ‘first set’ of systematic
corrections to Drude behavior to order e2/h – coherent backscattering due to an
arbitrary, random set of scatterers.
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Short Pulse Laser and Pulsed Wire Array Experiments
Producing 1- 5 eV expanded plasmas give surprising
evidence for unusually low, finite  conductivities

Short Pulse Laser and Pulsed Wire Array ExperimentsShort Pulse Laser and Pulsed Wire Array Experiments
Producing 1- 5 Producing 1- 5 eVeV expanded plasmas give surprising expanded plasmas give surprising
evidence for unusually low, finite evidence for unusually low, finite  conductivities conductivities

• Present Motivation:
– Theory and experiment give evidence for conductivities below ‘Ioffe-Regel’ minimum

‘metallic’ conductivity for a variety of plasmas with

– M. Desjarlais et. al., Contrib. Plasma Phys. 41 (2001), H. Yoneda et. al., Phys. Rev. Lett. 91,
075004 (2003).

– Ioffe-Regel d.c. metallic conductivity minimum is
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Evidence that the conductivity
component is anomalously
small even after taking into
account ionization balance!
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Low Temperature and Density Anomalous Effects in
the  Equation of State and Electrical Conductivity*
Low Temperature and Density Anomalous Effects inLow Temperature and Density Anomalous Effects in
the  Equation of State and Electrical Conductivity*the  Equation of State and Electrical Conductivity*

Need to add negative ions, as well as possible multi-center non average atom scattering.
*R. M. More, T. Kato, I. Murakami, M. Goto, H. Yoneda, G. Faussurier, M. Desjarlais, S. B.
Libby to be published.

Lee-More model is a
Drude type model with
multiple mechanisms for
ne and  in = ne e2  /m
(including Mott minimum
metallic conductivity).

Desjarlais’s modified Lee-
More model (blended
Saha, pressure ionization,
phenomenological e- -
neutral cross section -
Contrib. Plasma Phys. 41,
2001, 267).
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Consequences of Au- for ionization balance at low
temperature and density - compensated semiconductor
analog

Consequences of AuConsequences of Au-- for ionization balance at low for ionization balance at low
temperature and density - compensated semiconductortemperature and density - compensated semiconductor
analoganalog

Au, Au+, Au-, and e-  vs. T as predicted by the Saha equation ( R. M. More)
for densities of .01 and .1 gr/cc revealing the relative importance of the
negative ion Au- vs. free electrons. will depend on degree of
‘compensation,’ neutral scattering cross section, and non-average atom
effects.  Analogous results for Cu (affinity ~ 1.23 eV and I ~ 7.73 eV).
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L

I0(ω) I(ω)

•The transfer equation for radiation in 1-D can be written 

dI
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= jv − v −

jv

2
hc( )2 hv( )3

 

 
  

 
 
 

 

 
  

 
 
 
I

where

   and gi Bij = g j Bji   .

• ρ,κ depends on microscopic Quantum coefficients A&B,
  plasma thermal populations of lower and upper states
  plasma influence on spectral profiles  ψν and φν

j(h ) = n j Ajihvij
v

4

(h ) = ni Bijhvij
v

4

is the spontaneous emission

the bare absorption

Bji is the stimulated emission coefficientAji =
2 hvij( )3

hc( )2 Bji

n
i, j

Radiation Transport Deals with Photon Emission andRadiation Transport Deals with Photon Emission and
Absorption Following Fundamental Thermal LawsAbsorption Following Fundamental Thermal Laws
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•  And in complete equilibrium the Radiation field is characterized by a

Planckian distribution at the same temperature Te=TR

• Then

•In general, populations depend on the plasma radiation field, and free electron
distribution.  Must close equations with microscopic rate equations depending
on nν, Te, ne to get ρ & κν.  (“non - local thermal equilibrium” - NLTE - is hard!)

• In the special case of LTE, populations satisfy the Saha-Boltzmann relation
characterized by a single temperature Te (the electron temperature)

n j

ni

=
g j

gi

e
− E j − Ei( ) / kTe

dI

ds
= ˜ v Jv − I( ) ˜ v ≡

v

( LTE ) 1− e− hv / kTe( ) jv
( LTE ) =

v

( LTE ) 2
hc( )2 hv( )3 e−hv / kTe

J =
2

hc( )2

hv( )3

ehv / kT −1

Radiation Transport (continued)Radiation Transport (continued)
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NLTE Radiation Fields Effect the Emission and
Absorption Opacities: Aluminum at .001 gr/cc and 50 eV
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The effect of radiation on non-LTE atomic kinetics in hot
dense plasmas can be understood from the view point of non-
equilibrium thermodynamics*

The effect of radiation on non-LTE atomic kinetics in hotThe effect of radiation on non-LTE atomic kinetics in hot
dense plasmas can be understood from the view point of non-dense plasmas can be understood from the view point of non-
equilibrium thermodynamics*equilibrium thermodynamics*

• Our Strategy: extract NLTE physics in simpler way near LTE limit avoiding
computational explosion (complexity example: M shell iron - 103 configurations like
1s22s22p63s3p23d5d       106-107 lines – as Z increases the number of lines grows fast!)

• Earlier ideas: for electron dominated plasmas, Pitaevski, Gurevich, and Beigman
studied electron currents in principal quantum number space (L&L vol. 9); also Scovil
and Schulz-Dubois analyzed the steady state maser as a Carnot engine, PRL 2, 1959.
(also note analogous treatment of the Overhauser effect).

• We study the linear response of an LTE atom (ion) subject to a steady imposed
radiation spectrum I  constituting effective temperature shifts T  away from B (Te).

• The resulting Response Matrix in frequency group space R ’ naturally separates the
problem of radiation – hydrodynamics from the underlying kinetics and lines.

• Because R ’ expresses entropy flow, it obeys Onsager constraints.
– R ’ is symmetric and has a straightforward form in terms of the plasma rate

coefficients.  Consistency test for NLTE codes.
– The principle of minimum entropy production is obeyed.
– Computed examples in 3 NLTE models show a large range of linear response.
– Inline R ’ tabulation scheme offers enormous NLTE rad-hydro acceleration.

• * Libby, Graziani, More, Kato, 13th conf. LIRPP, AIP 1997; More, Kato, Faussurier, Libby,
JQSRT, 2001; DeCoster, JQSRT, 2001.

→
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The Linear Response Matrix  R ’ Controls All Possible Near
Equilibrium Steady States - It Is Expressible in Terms of
Microscopic Rates and Must Obey Onsager Relations
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The State of Minimum Entropy Production is
Identical to the True Near Equilibrium Steady State
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The General NLTE Steady State is Defined by
Multiple Effective Temperature Boundary
Conditions
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The Principle of Minimum Entropy Production has  an
Interesting History.  Its Connection to other Variational
Principles and Quantum Dynamics is Still Unknown!


